Lipoic acid (LA) is a sulfated antioxidant produced physiologically as a coenzyme of the pyruvate dehydrogenase complex; it is currently used for treatment of non-insulin-dependent diabetes to favor the cellular uptake of glucose. We have previously described the angiopreventive potential of molecules sharing common features with LA: N-acetyl cysteine, epigallocatechin-3-gallate and xanthohumol. To expand these studies, we have tested the capacity of LA to modulate angiogenesis in tumor growth using a Kaposi's sarcoma model. Endothelial cells exposed to LA displayed a dosedependent reduction of cell migration and a time-dependent modulation of the phosphorylation of key signaling molecules. In vivo, LA efficiently repressed angiogenesis in matrigel plugs and KS-Imm tumor growth. We analyzed modulation of gene expression in endothelial cells treated with LA for 5 h (early response), finding a mild anti-apoptotic, antioxidant and anti-inflammatory response. A group of LA-targeted genes was selected to perform real-time polymerase chain reaction time-lapse experiments. The long-term gene regulation (48 h and 4 days) shows higher rates of modulation as compared with the array data, confirming that LA is able to switch the regulation of several genes linked to cell survival, inflammation and oxidative stress. LA induced the production of tumor necrosis factor-alpha-related apoptosis-inducing ligand (TRAIL) in KS-Imm and activin-A in KS-Imm and endothelial cells; these factors show anti-angiogenic activity in vivo contributing to explain the inhibitory effect of LA on neovascularization. According to our data, LA has promising anti-angiogenic properties, though its influence on central metabolic pathways should suggest more caution about its widespread and not prescribed use at pharmacological doses.
Introduction
Lipoic acid (LA), also known as thioctic acid, 1,2-dithiolane-3-pentanoic acid and 1,2-dithiolane-3 valeric acid, is a naturally occurring compound that is synthesized by plants and animals. LA is not found in our bodies as a detectable, free circulating form, but bound to a lysine residue in proteins. In its protein bound form, lipoamide, LA is a required cofactor for several multi-enzymatic complexes that catalyze critical energy metabolism reactions.
Early studies evaluated the effect of low-dose LA on lipid and carbohydrate catabolism, observing little or no effect (1); yet, a common response in these trials was an increased glucose uptake from serum (2) . LA increases glucose uptake through recruitment of the glucose transporter-4 to plasma membranes, a mechanism that is shared with insulin-stimulated glucose uptake (3) . LA improves glucose clearance in patients with type-II diabetes (4) and is particularly suited to the prevention of diabetic complications that arise from an overproduction of reactive oxygen and nitrogen species, due to its antioxidant properties. In experimental and clinical studies, LA markedly reduced the symptoms of diabetic pathologies, including polyneuropathy and vascular damage (5, 6) . In human trials, LA was usually tested for 3-6 weeks at pharmacological oral doses of 600-1200 mg/day (6, 7) . Exogenous LA is readily and almost completely absorbed, with a limited absolute bioavailability of $30%, caused by high hepatic extraction (8) .
Zhang et al. (9) showed that pre-incubation of human aortic endothelial cells for 48 h with LA (0.05-1 mM) dose dependently inhibited tumor necrosis factor (TNF)-alpha-induced expression of E-selectin, vascular cell adhesion molecule 1, intercellular adhesion molecule 1 and macrophage chemotactic protein 1, without affecting the expression of TNF-alpha receptor 1. LA dose dependently inhibited TNF-alpha-induced IkB kinase activation and nuclear translocation of nuclear factor-kappaB (NF-kB). This observation suggested a possible application of LA to block the inflammatory stimuli acting on the endothelial cell in tumor micro-environment. Tumor development is a multi-step process where angiogenesis is fundamental from the beginning, and the early imbalance of the angiogenic switch towards inhibition could induce tumor dormancy and significantly prevent cancer progression (10) . Most chemopreventive molecules exert a powerful anti-inflammatory and antioxidant activity, counteracting part of the epigenetic signals involved in tumor development (11) . We have previously described the angiopreventive potential of a molecule sharing common features with LA, N-acetyl cysteine (NAC). NAC, in addition to its antioxidant and glutathione-restoring activity is able to inhibit tumor and endothelial cell invasion in vitro and to restrain the vascularization of matrigel plugs containing angiogenic growth factors in vivo (12, 13) . In addition, we have shown that other antioxidant flavonoids inhibit the NF-kB and Akt pathways, including the green tea polyphenol epigallocatechin-3-gallate (EGCG) (14) and the hopsderived chalchone xanthohumol (15) . Since previous studies suggested that LA could target these same pathways, we tested LA in similar experimental settings. 10Â in Centricon (cut-off 3 kDa, Amicon-Millipore, Billerica MA) and added to liquid matrigel containing heparin at 4°C to a final volume of 0.5 ml. C57/ bl6 mice were treated everyday with LA (86 lg per mouse per day, corresponding to $150 mg/kg dose) in drinking water, starting from 3 days before matrigel injection. Ten implants were used for each experimental point. Hemoglobin content quantification and histological analysis were performed as described previously (20) .
The same assay was used to assess the anti-angiogenic activity of recombinant TRAIL or inhibin-ba/activin-A (100 ng per implant) added to liquid matrigel, using a vascular endothelial growth factor (VEGF) (50 ng/ml) þ TNF-alpha (2 ng/ml) þ heparin (26 U/ml) cocktail as angiogenesis inducers and eight implants for each experimental point, as described previously (14) .
In vivo tumor growth
Kaposi's sarcoma tumor growth was obtained as described previously (14) . LA (86 lg per mouse per day) was administered in sterilized drinking water to nude mice, starting from the day of tumor cells injection. Tumor size was assessed on days 9, 11, 13, 16, 18, 20, 23, 25 and 27 . All animals (eight for each experimental point) were killed when the first tumor reached the size of $1 cm 3 . Samples were paraffin embedded and stained with hematoxylin and eosin for histological analysis. Vessel quantification was obtained by analyzing 10 lm-thick tissue slices under a fluorescence microscope (100Â total magnification) with a triple-band filter: thick slices do not loose erythrocytes from vessels which, in turn, show a strong orange auto-fluorescence; CD-31 staining was also performed on some 3 lm-thin slices of tumor samples (with an anti-CD-31 rat monoclonal antibody, clone BM4086B, Acris, Germany) for confirmation.
Growth assay
At day 0, cells were plated in 96-microwell plates at 1000 cells in 200 ll of culture medium. LA was added to the cells at different concentrations (10, 50, 250 , 500 and 1000 lM). Due to the different growth rates, KS-Imm cells were monitored at days 2 and 4, whereas HUVECs were quantified at days 3 and 5. Indirect optical density quantification was obtained fixing/staining the cells for 20 min with a crystal violet solution as described previously (14) .
Chemotaxis
Cell migration was assessed in Boyden chambers (Costar no longer produces chemotaxis chambers, Neuro Probe, Gaithersburg, MD 20877 USA) using serum-free 3T3-conditioned medium (for KS-Imm) or KS-CM (for HUVECs) as chemoattractants as described previously (14, 16) . Cells were pre-treated with LA at the indicated doses and times, and treated with the same concentration of LA used for preconditioning also during the chemotaxis assay. Cell migration was assessed by direct counting of five to eight unit fields per filter or densitometric scanning of whole filter surface. Each test was performed in triplicate and repeated three times.
Adhesion
The 96-microwell plates for bacterial culture (Nunc GmbH, Wiesbaden, Germany) were pre-coated with 100 ll per well of water containing gelatin (50 lg/ml). After 1 h, all coating solution was removed and HUVE or KS-Imm cells were plated (3000 cells/200 ml per well) in Dulbecco's modified Eagle's medium 1% bovine serum albumin. Cell cultures were treated with LA either only during the test or for 24 h or 4 days before the test. Cells were incubated for 2 h at 37°C in 5% CO 2 and eventually quantified by crystal violet solution as above.
Apoptosis
Cytoplasmic histone-associated DNA fragmentation was evaluated by the Cell Death Detection Kit, Roche, Milan, Italy according to manufacturer's instructions. KS-Imm and HUVE cells were plated (20 000 cells/ml per well) in complete medium and allowed to grow for 48 h in 24-well plates. After this stabilization period, the culture medium was changed and supplemented either with LA (0, 10, 50, 250, 500 and 1000 lg/ml) or vincristine (0.5-1 lM).
Preparation of RNA and cRNA Total RNA for microarray experiments was isolated from HUVECs treated for 5 h with 200 lM LA as described previously (21) . RNA samples were similarly prepared for real-time polymerase chain reaction (PCR) testing using KS-Imm and HUVE cells treated with 10, 50, 250, 500 and 1000 mM LA for 24 h, 48 h and 4 days.
Gene chip microarray analysis and data normalization
The labeled cRNAs were used for screening GeneChip Human Genome U95Av2 arrays (Affymetrix, Santa Clara, CA). Data were collected using an Affymetrix scanner. The raw data of 32 features for each probe set were analyzed by Microarray Analysis Suite MAS 5.0. This included a statistical analysis of data consistency (one-sided Wilcoxon's signed rank test) within a probe set that yielded a P value for the expression call (present, absent and marginal) and the expression change between treated and control samples. Expression data and the expression and change P values were imported into the GeneSpring 4.2 microarray data analysis program (SiliconGenetics, Redwood City, CA). For normalization, the 50th percentile of all measurements was used as a positive control for each sample, each measurement for each gene was divided by this synthetic positive control, assuming that this was at least 10. The bottom 10th percentile was used as a test for correct background subtraction. This was never less than the negative of the synthetic positive control. Each gene was normalized to itself by making a synthetic positive control for that gene, and dividing all measurements for that gene by this positive control, assuming it was at least 0.01. The synthetic control was the median of the gene's expression values over all the samples. Lastly, normalized values below 0 were set to 0. The comparison of treated and mock-treated samples was limited to genes that were expressed above a threshold level of 20 with a detection P value , 0.005 in both arrays in at least one condition. Genes that showed an at least 1.6-fold expression change in both arrays of the drug-treated versus the mock-treated sample with a change P value , 0.05 were considered as consistently changed. Gene lists for functional annotations were created using the NetAffx (Affymetrix) annotation tool.
Real-time PCR time-lapse Total RNAs were isolated from control and LA-treated KS-Imm and HUVE cells, grown in complete medium, using the RNeasy Mini Kit (Qiagen, Milano, Italy). Each sample was amplified in triplicate. Reverse transcription was performed with oligo-dT primers and mRNA expression for selected genes was analyzed by quantitative real-time reverse transcription-PCR by using the following specific primers: interleukin 8-forward: gacaagagccaggaagaaac and reverse: gctcgtaggtcagaaagatgtg; TRAIL-forward: tcagagagtagcagctcac and reverse: ccttgatgattcccaggagt; PIM-2h-forward: ctcacagatcgactccaggtg and reverse: actttccatagcagtgcgactt; GPCR-kinase 5-forward: aactgggagagaaagggaagg and reverse: gttctttgcacggcttctgtag; thioredoxin reductase 1-forward: atggaagaacatggcatcaagt and reverse: cctcactattggtggactgagc; thioredoxin-interacting protein-forward:taattggcagcagatcaggtc and reverse: acatccatatagcagggagga; heregulin-b2-forward: tcagtatccacagaaggagcaa and reverse: gtctttcaccatgaagcactcc; ephrin-B2-forward: cagacaagagccatgaagatc and reverse: caaagggacttgttgtcgaact; heme oxygenase-1-forward: tgatagaagaggccaagactgc and reverse: ggcagaatcttgcactttgttg; inhibin-ba/activin-A-forward: aacgggtatgtggagatagagga and reverse: aaatctcgaagtgcagcgtct. cDNAs were amplified as described previously (21) . Housekeeping gene RPII was used for data normalization, and relative expression values with standard errors and statistical comparisons (unpaired two-tailed t-test) were obtained using Qgene software (http://www.qgene.org).
Real-time PCR was also used to analyze the effect of 200 lM LA, on VEGF-A mRNA expression in KS-Imm treated for 24 h, 48 h or 4 days.
Fluorescence microscopy
HUVECs seeded on gelatin-coated multi-well chamber slides (LabTek, Nunc, Naperville, IL) were cultured at 37°C, pre-treated for 24 h, 48 h or 4 days with LA at the indicated doses. At the end of the incubation, mitochondria polarization was stained for 30 min at 37°C with the fluorescent probe MitoTrackerRed CMX ROS (Molecular Probes, Invitrogen, Milan, Italy) diluted in culture medium at 50 nM. Cells were then fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 5 min, and counterstained with 1 lg/ml 4#,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) in PBS.
For immunofluorescence detection of thioredoxin reductase, a monoclonal antibody (Lab-Frontier, Seoul, Korea) at 1:100 dilution in PBS-1% horse serum was incubated for 1 h with HUVE cells that had been treated with LA as above and fixed and permeabilized with cold methanol for 4 min at À20°C and blocked in PBS-10% horse serum for 10 min. Cells were washed three times with PBS and incubated with fluoresceinated secondary anti-mouse antibody (Amersham-Pharmacia Biotech, Milano, Italy) at 1:200 dilution in PBS-1% horse serum for 30 min. Cells were then counterstained with DAPI (1 lg/ml) for 5 min and washed in PBS. The slides were mounted with ProLong antifade reagent (Molecular Probes) and viewed in a Leica DM L epifluorescence microscope at 40Â or 100Â magnification. Simple DAPI staining was used to show the accumulation of the auto-fluorescent LA in HUVE cells.
Western blot analysis of proteins and cell signaling HUVECs were cultured in standard conditions or treated with 250 lM LA, for 24 h, 48 h or 4 days in complete medium without further medium/LA addition. Cell samples were prepared and blotted as described previously (15) . The membranes were then incubated with antibodies at the appropriate dilutions in 5% powdered skim milk dissolved in 25 mM Tris-buffered saline (TBS) containing 0.15 M NaCl, 0.05% Tween-20, if not otherwise stated. The following anti-human antibodies were used at the indicated dilutions: mouse monoclonal anti-inhibin-ba (Serotec Ltd, Oxford, UK) and mouse monoclonal
The anti-angiogenic activity of lipoic acid anti-thioredoxin reductase 1 (Lab-Frontier) 1:200 diluted in 5% skimmed milk, TBS-Tween 0.05%; rabbit anti-p-Akt and anti-Akt, rabbit anti-p-p38 and p-38 MAPK, rabbit anti-p-Fak and Fak and rabbit anti-p44/42 MAPK (Cell Signaling, Beverly, MA) 1:1000 diluted in 5% bovine serum albumin, TBS-Tween 0.1%; rabbit anti-p-Erk1/2 (Cell Signaling) 1:1000 diluted in 5% skimmed milk, TBS-Tween 0.1%; rabbit anti-GAPDH horseradish peroxidase conjugated, Novus, Littleton, CO) 1:2500 diluted in 5% skimmed milk, TBS-Tween 0.05%. The antibodies were reacted with the membranes for 1 h (anti-GAPDH), or 2 h (anti-inhibin), at room temperature, or overnight at 4°C (others). Secondary horseradish peroxidase-labeled anti-rabbit or anti-mouse antibodies (AmershamPharmacia Biotech) were used at 1:5000 dilution in 5% skim milk powder, TBS-Tween 0.05%. The immune reaction was revealed by the ECL-Plus detection system (Amersham-Pharmacia Biotech). The test was repeated three times on three different HUVEC preparations (experimental replicates).
Results

In vivo angiogenesis
Since previous data indicated that LA inhibited TNF-alphainduced IkB kinase activation and nuclear translocation of NF-kB (9) , and that studies by our group (14, 15, 21) and others (22) indicate that this is a common and key effect of many angioprevention agents, we studied the effect of LA on angiogenesis in vivo. KS-CM in a matrigel sponge was injected subcutaneously in c57/black mice (syngenic to matrigel components). In this condition, a rapid angiogenic response was observed within 4 days: quantification of the angiogenic response by hemoglobin content detection demonstrated that LAtreated implants contained $1/12 of hemoglobin as compared with untreated controls (Figure 1a ), a significant reduction in hemoglobin content was confirmed in the histology observations, where control matrigel þ KS-CM became filled with infiltrating cells, and large vascular lacunae lined by endothelium ( Figure 1b) . Whereas, when mice were treated with LA (86 lg per mouse per day, corresponding to $150 mg per man per day, one-fourth of the standard 600 mg dosage used for standard therapy or body building), a dramatic block of infiltration and angiogenesis was observed. The histology of these samples shows an almost empty matrix with few cells scattered in it (Figure 1c ). Statistical significance of the angiogenic status found in treated versus untreated mice was assessed by Student's t-test (P 5 0.0016).
In vivo tumor growth
When KS-Imm cells were injected in nude mice, they formed large, non-metastatic, tumors, characterized by evident vascularization, similar to human KS lesions. The daily administration of LA (86 lg per mouse per day, as in the angiogenesis assay) in drinking water caused a significant reduction in the KS tumor growth rate (Figure 2a ). The differences in tumor growth between LA-treated and -untreated controls were always statistically significant (P 0.05, Student's ttest) starting from the ninth day of the experiment, except for the time point at the sixteenth day (P 5 0.078). In our experience, this growth repression would be consistent with an inhibitory effect linked to the reduced recruitment of endothelial cells seen in the matrigel plug assays. This hypothesis was reinforced by the histological analysis of collected KS-Imm tumors; in the presence of LA, vessels were less frequent and degenerating tumor cells with picnotic nuclei were often observed ( Figure 2b ). Direct vessel quantification showed a 56% reduction when controls were compared with LA-treated tumors (14.9 ± 1.3 versus 8.3 ± 1.8 per field, respectively; P 5 0.0013, Student's 
t-test).
It is important to notice that a putative anti-angiogenic agent able to block endothelial recruitment without any toxic effect on the endothelium itself would be the best choice for any long-lasting treatment of angiogenesis-sustained pathologies. To gain insights on the effects of LA directly on endothelial and KS cells, we tested the effects of this molecule in vitro.
Growth assays LA was tested for its ability to modulate KS-Imm and HUVE cells growth. Interestingly, LA showed a dual effect according to the different concentrations used, the time and the cell type ( Figure 3 ). On KS-Imm cells, LA showed no inhibitory effect after 48 h of culture at any of the doses tested (10, 50, 250, 500 and 1000 lM), whereas a surprising growth-inducing activity was observed at 4 days with doses ranging from 10 to 250 lM. The growth-promoting activity was higher at the lower dose of LA tested (10 lM). High LA doses (500 and 1000 lM) showed, respectively, not significant or clear inhibitory activity as compared with untreated controls. Student's t-test was used to weigh the differences between untreated and LA-treated KS-Imm cells: the statistical significance was obtained both at 2 and 4 days for almost all the experimental points (P values 0.0149), except for 500 lM LA, at the fourth day (P 5 0.3919). In HUVE cells, LA showed significant modulation of cell growth, although with longer incubation times than those observed with KS-Imm (Figure 3 ). In these cells, the growth-promoting activity of LA was weak, whereas high doses (500-1000 lM) reduced HUVEC proliferation, but only after 5 days of culture. In HUVECs, at the third day no statistically significant variations were found, whereas at the fifth day, only 50 lM LA did not reach significance (P 5 0.119). For the other doses of LA, the P value was 0.019 (Student's t-test).
Taken together, these observations show a null or positive effects of low-dose LA on cell growth, whereas only high-dose LA can exert some inhibitory potential after several days of treatment.
The same experimental setting was applied to other tumor cell lines of different histotypes (prostate: PC3; breast: MDA435; retina: Y79; myeloid: K562) to test if the inhibiting/promoting activity of LA is linked to particular cells or is a common feature of this molecule. Only one (MDA435) among these cell lines was affected by LA treatment, with a partial inhibition of growth at high doses, but no promotion was observed at low doses of LA (data not shown). According to these results, we can deduce that a therapeutic effect of LA against in vivo tumor growth was not mediated by cytotoxicity on the tumor cells; in contrast, it was able to repress KS-Imm tumor growth in vivo even though it stimulated growth of these cells in vitro.
Chemotaxis Both tumor metastasis and angiogenesis imply cell migration, the first to spread tumor cells out of primary site and the second to make endothelial cell cross basement membrane and move towards an angiogenic stimulus. When LA was tested treating KS-Imm for 24 h, only a weak inhibition of migration was observed using the highest dose (1000 lM). In this case, the migration was $65% of controls (Figure 4a ). When KS-Imm cells were exposed to LA for 4 days, a clear dose-response curve was observed (Figure 4a ), with LA acting as an inhibitor at all doses tested. Even in this experimental setting, the highest inhibitory activity was observed with 1000 lM LA. Student's t-test was used to weigh the differences between untreated and LA-treated KS-Imm cells: statistical significance at 24 h was obtained only with 1000 lM LA (P 5 0.04), and at 4 days, all the doses of LA gained significance (P values 0.04).
When endothelial cells were treated for 24 h, 48 h or 4 days with LA, a different response was observed (Figure 4b) . At 24 h, LA caused a dose-dependent inhibition of cell migration. After 48 h treatment, LA was apparently less able to inhibit HUVEC migration at the lower, non-cytotoxic, doses; in fact, only 500 and 1000 lM LA, induce significant reductions of cell chemotaxis. After 4 days of LA treatment, HUVEC response is even more altered: 10 lM LA induced a significant increase in the chemotactic ability of HUVECs, and the same increasing trend-though not statistically significant-was observed for 50 lM LA. Higher doses of LA (250-1000 lM) were clear inhibitors of HUVEC migration, the higher dose leading to the complete inhibition of cell response. In HUVECs, statistical significance at 24 h was obtained with 50, 500 and 1000 lM LA (P values 0.041), at 48 h with 500 and 1000 lM LA (P values 0.029), and at 4 days with 10, 250, 500 and 1000 lM LA (P values 0.010).
These data suggest that LA exerts a short-term dose-dependentinhibitory effect on endothelial cell migration, whereas a long-term treatment can cause opposite effects according to the dose used. The activity on KS-Imm cell migration seems almost subverted, with no inhibition by short incubation and a dose-dependent inhibition after 4 days of LA treatment.
Adhesion
An altered adhesion to the substrate could explain the reduced migration of LA-treated cells. To check this hypothesis, we tested both HUVE and KS-Imm cells for their ability to adhere to a gelatin substrate in the presence or absence of LA. No positive or negative effect was observed at any dose of LA tested on both cell lines if LA was used during the test without cell pretreatment (data not shown). This Fig. 3 . Effects of LA on cell growth. KS-Imm and HUVECs were treated with LA in complete medium; low-dose LA stimulate cell growth as compared with controls, whereas high-dose LA shows inhibitory properties, more evident in HUVECs.
The anti-angiogenic activity of lipoic acid observation excludes a possible physical, direct, interference played by LA on adhesion molecules or matrix coating.
When KS-Imm were treated for 24 h with LA at 10, 250 and 1000 lM, their adhesive properties on gelatin appeared unaffected ( Figure  5a ). The same concentrations of LA acted as dose-dependent inhibitors after 4 days of treatment. Student's t-test was used to weigh the differences between untreated and LA-treated KS-Imm cells: no statistical significance was obtained at 24 h, and at 4 days, all LA treatments produced significant data (P values 0.012). The effect of LA on HUVEC adhesion after 24 h of treatment was weak, with a slight increase of adhesion with 10 and 250 lM LA, and a decrease with 1000 lM LA. After 4 days of treatment with 10 lM LA, the adhesion on gelatin was further increased (132%), whereas the 1000 lM dose almost completely abolished cell adhesion (Figure 5b ). Statistical significance was obtained already at 24 h for all LA treatments (P values 0.041), and at 4 days for 10 and 1000 lM LA (P values 0.004). These observations suggest a possible contribution of adhesive pathways or cytoskeleton assembly to the inhibitory effects of LA on HUVECs, though the apparently opposite effects observed on HUVECs with 10 lM LA, in adhesion and chemotaxis experiments at 24 h and 4 days suggest a non-univocal linkage between adhesivechemotactic properties and LA inhibition.
Apoptosis
The growth assays showed that LA, depending on the doses tested, can either promote cell growth or act as a cytostatic agent. Accordingly, we examined the effects of LA on apoptosis. LA used alone on KS-Imm at the dose of 250 or 1000 lM for 24 h did not modulate apoptosis, whereas 4 days of treatment induced a statistically significant increase of the apoptotic rate with 1000 lM LA (Figure 6a ). When KS-Imm cells were treated with 0.5 lM vincristine, a strong apoptotic rate was observed. LA did not show any protective effect at 250 and 1000 lM, when the cells were treated 24 h or 4 days before vincristine challenge (Figure 6b ). Student's t-test was used to weigh the differences between untreated and LA-treated KS-Imm cells: no statistical significance was obtained at 24 h, and at 4 days, 1000 lM LA produced a significant variation (P value 5 0.010). No significant variation was found in KS-Imm samples treated with vincristine.
HUVE cells were almost unaffected after 24 h of treatment with 10, 50, 250, 500 or 1000 lM LA (Figure 6c) , with a minor, but statistically relevant, reduction of the basal apoptotic rate with LA doses at or over 50 lM. When HUVECs were treated with 1 lM vincristine in complete medium, a slight increase of apoptosis was observed (1.2-fold as compared with untreated controls). Again, LA acted as a suppressor of apoptosis with doses over 50 lM. In HUVECs, statistical significance was achieved with LA doses !50 lM, both with (P values 0.045) or without (P values 0.036) vincristine treatment. After 24 h, a dose-response inhibition curve is observed (statistically significant starting from the 50 lM dose), whereas at 4 days, low-dose LA causes a little increase of cell migration (differences in migration are statistically significant for the 10, 50, 250, 500 and 1000 lM doses). Fig. 5 . Effects of LA on cell adhesion. Short-term treatment of KS-Imm (a) with increasing doses of LA does not influence cell adhesion to gelatin, whereas after 4 days, a statistically significant, dose-dependent inhibition is observed. In HUVECs, LA acts similarly (b), but is able to induce a slight increase of cell adhesion at the lower dose.
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Gene chip microarray analysis Although LA appeared to be an efficacious anti-angiogenic agent in vivo and to inhibit endothelial cell migration in vitro, the contrasting effects observed with diverse doses in vitro led us to further investigate the mechanisms underlying these effects. Microarray-based analysis of early genes, expressed in HUVE cells treated for 5 h with LA and showing at least 1.6-fold expression change during LA (200 lM/5 h) treatment, produced a list of 51 genes whose expression was significantly altered, where 30 appeared to be up-regulated by LA and 21 down-regulated. Using a 2-fold increase or decrease threshold, the number of modulated genes counted only nine and six records, respectively, indicating that LA, at low dose for short periods, has no drastic effects on gene expression in endothelial cells. This would be consistent with limited toxicity of LA.
Most of the genes modulated by LA can be categorized as being implicated in cell cycle/proliferation/apoptosis or oxidative stress/inflammation. These two groups account at least for 61% (31 of 51) of the genes affected by LA. As some of the genes regulated by LA have an unknown function, this percentage could be underestimated.
Among the 18 genes involved in cell cycle/proliferation/apoptosis, we found up-regulated proliferation inducers like heregulin-b2/ neuregulin, PIM-2h, Ki-67 and neuropilin, accompanied by modulators/effectors of cell differentiation such as estrogen-responsive B box protein, inhibin-ba/activin-A, protein kinase C-alpha and neural cell adhesion molecule (Table I) . On the other hand, cell cycle inhibitors and apoptosis inducers including Fas/APO-1, Rb-1, G proteincoupled receptor (GPCR)-kinase 5, CCR4-NOT, ephrin-B2 and TRAIL/APO-2L appeared to be down-regulated (Table I ). This gene regulation ÔprofileÕ would suggest a commitment of short-term LAtreated endothelial cell towards a healthy, differentiating/proliferating phenotype.
We attributed 13 genes to the oxidative stress/inflammation list (Table II) , most of these RNAs were up-regulated. Heme oxygenase-1 (HO-1), protecting from oxidative damage, appears as the most intensely regulated gene by LA, with a 6.4-fold increase, followed by thioredoxin reductase 1 (2.3Â), whose gene product is involved in LA reduction to the active form dihydrolipoic acid. The modulation of genes in this group would apparently indicate a cellular response induced by inflammation/oxidative stress with production of protective proteins (HO-1, C/Ebp-homologous protein, nicotinamide adenosine dinucleotide phosphate (NADPH) dehydrogenase, human mineralocorticoid receptor) and inflammatory cytokines/receptors (IL-8 and IL-6 signal transducer gp130). Interestingly, unlike that previously observed for NAC and to a lesser extent EGCG (21), we did not observe obvious modulation of genes related to the NF-kB pathway. Table III .
Cell cycle/proliferation/apoptosis TRAIL. This gene was found weakly down-regulated in KS-Imm treated with 200 lM LA for 24 h, and a longer treatment caused this gene to revert to basal levels of expression ( Figure 7) ; on the contrary, 1000 lM LA induced a time-dependent increase of TRAIL mRNA Inhibin-ba/activin-A. In KS-Imm, both 200 and 1000 lM LA were able to induce a significant increase of this mRNA after 48 h, with highdose LA being more active (8.62-fold at 4 days). In HUVECs, 200 lM LA induced the down-regulation of this mRNA after 24 h that was maintained at lower levels (0.28-, 0.29-and 0.26-folds at 24 h, 48 h and 4 days). On the contrary, high-dose LA caused a partial up-regulation of inhibin-ba/activin-A, with a 2.7-fold increase after 4 days of LA treatment.
Ephrin B 2. This gene was poorly affected in KS-Imm, whereas it was down-regulated in HUVECs treated with 200 lM LA (0.14-fold at 4 days). High-dose LA was able to cause a weaker down-regulation (0.27-fold at 4 days).
GPCR-kinase 5. This gene was unaffected in KS-Imm, whereas it reached significant modulation in HUVECs, where it appeared to be consistently up-regulated after 4 days (2.77-and 8.00-fold for 200 and 1000 lM LA, respectively).
Oxidative stress/inflammation
The first interesting observation was obtained by observing the expression levels of thioredoxin reductase, the enzyme directly acting on LA (reducing it to the dihydrolipoic acid (DHLA) form). This gene was not only up-regulated upon LA treatment but also represented the most intensely expressed gene in both KS-Imm and HUVECs among the 10 selected genes (the mean normalized expression of thioredoxin reductase 1 in untreated HUVECs and KS-Imm was 2 to 3 log higher as compared with the levels of the other genes, data not shown).
Thioredoxin reductase 1. This gene was always up-regulated both in KS-Imm and HUVECs upon LA treatment (Figure 7) , and the effect of LA appeared dose and time dependent indicating the strong correlation between LA and the enzyme used for its conversion to the Thioredoxin-interacting protein. Although a short exposition to 200 lM LA down-regulated this enzyme in the microarray analyses, after 48 h of high-dose LA, this mRNA was strongly up-regulated in HUVECs as a probable attempt to preserve NADPH reserves from complete consumption through LA reduction to DHLA by thioredoxin reductase 1. The response to 200 lM LA was weaker, whereas in KS-Imm, this dose of LA sustained a strong down-regulation of this gene.
IL-8.
In KS-Imm, IL-8 was time dependently up-regulated by LA, the 200 lM dose being more effective (17.22-fold at 4 days). In HUVECs, the up-regulation was less powerful and more rapid when using highdose LA (maximum 5.48-fold at 4 days).
Heme oxygenase 1. Unaffected in KS-Imm cells, this gene was upregulated in HUVECs, with higher and more rapid modulation at 200 lM LA (7.64-fold at 24 h). These data show that LA activity is directly linked to the dose and time of cell exposition, possibly causing opposite effects on cell behavior. These data led us to further investigate specific aspects of LA effects in cells in vitro.
VEGF-A expression in KS-Imm cells treated with LA
In endothelial cells, thioredoxin reductase 1 acts as an inducer of HO-1 (23) and this molecule was described to induce VEGF expression (24, 25) ; therefore, we decided to verify if this induction could also be active in KS-Imm. In vitro, control KS-Imm samples showed a comparable expression of VEGF-A at 24 and 48 h of culture (mean normalized expressions were 1.15 -02 and 1.13 -02 , respectively), whereas a doubling was observed after 4 days of culture (mean normalized expression was 2.28 -02 ). In the presence of 200 lM LA, the mRNA of VEGF-A showed a weak and not statistically significant time-dependent increase, reaching-at 4 days-levels almost identical to untreated controls (mean normalized expressions at 24 h, 48 h and 4 days were, 1.63 -02 , 1.97 -02 and 2.32 -02 , respectively), suggesting that LA in KS-Imm does not act as a significant inducer of VEGF. This observation can be linked to the lack of HO-1 induction described, for KSImm, in the previous paragraph.
Fluorescence microscopy LA has already been described to be able to induce mitochondrial permeabilization and oxygen consumption both in its oxidized and reduced (DHLA) form; this activity was accompanied by the production of reactive oxygen species able to induce mitochondrial damage and selective tumor cell death (26, 27) . These observations would be consistent with the possible induction of genes linked to oxidative stress in HUVECs. To verify if LA is able to trigger mitochondrial activation, we treated HUVECs with different doses of LA, imaging at different times the effective mitochondrial uptake of cationic, lipophilic fluorochrome chloromethyl-X-rosamine. LA (tested at 10, 250 and 1000 lM) elicited a similar activation of mitochondria, persistent for days ( Figure  8, 48 h treatment) . At 1000 lM, LA partially accumulated inside the cells, forming insoluble auto-fluorescent granular aggregates (data not shown), probably participating to the toxic effects of the molecule seen after 4 days. At this time point, the chloromethyl-X-rosamine uptake was reduced.
Thioredoxin reductase gene showed high levels of expression and modulation in HUVECs, and most likely represents a key mediator of LA activity and toxicity as it is involved in LA/DHLA conversion. We stained HUVE cells with fluorescein isothiocyanate-anti-thioredoxin reductase 1 monoclonal antibody to verify modulation of thioredoxin reductase at the protein level. The expression of thioredoxin reductase was found up-regulated in dose-and time-dependent manner upon LA treatment (Figure 9 ).
Western blot analysis of proteins and cell signaling
The modulation of thioredoxin reductase 1 protein expression in HUVECs was confirmed by western blotting, showing its time-dependent up-regulation upon LA (250 lM) treatment (Figure 10 ). Inhibin-ba/ activin-A protein expression was also found up-regulated in a timedependent fashion.
The up-regulation of mitochondrial activity together with the expression of well-known markers of oxidative stress is suggestive of an altered endothelial phenotype. In vitro data have shown that LA exerts modulatory effects on HUVE cell behavior; accordingly, we have verified if central transduction pathways were affected by LA.
To reproduce the experimental conditions of the growth assays, we prepared both untreated and LA-treated HUVEC samples at 24 h, 48 h and 4 days, in complete medium analyzing the phosphorylation of FAK, Erk1/2, Akt and p38-MAPK as compared with their amount of total protein and GAPDH expression ( Figure 11 ). The western blot shows that phosphorylation of FAK is apparently down-regulated at 24 h and 4 days, whereas it is similar to untreated cells at 48 h. The phosphorylation status shown by Erk1/2 is weak as compared with untreated controls and, at 48 h, little p-Erk is detectable. Akt shows a generally weak phosphorylation signal at 24 and 48 h and does not appear to be substantially modulated by LA. Phospho-P38 is detectable only at the fourth day and it is strongly induced by LA treatment.
These biochemical data are in agreement with the in vitro observations, showing that LA influences key transduction pathways involved in cell growth, migration and adhesion.
Anti-angiogenic effects of TRAIL and inhibin-ba/activin-A in vivo Among the potential anti-angiogenic molecules induced by LA in KSImm, we find inhibin-ba/activin-A and TRAIL; accordingly, we decided to test these proteins in the matrigel sponge model to evaluate their possible contribution to the anti-angiogenic effects of LA observed in vivo.
Both molecules showed a significant anti-angiogenic potential explaining why LA can limit KS-Imm tumor growth in vivo at doses not exerting a direct effect on the tumor cell itself (Figure 12 ).
Discussion
Anti-angiogenic therapy through VEGF inhibition has significantly increased lifespan for several tumors in clinical trials when combined to chemotherapy. These data suggest that further improvement in this approach has the potential to substantially extend patient lifespan. A gap in the phase I-II trials of anti-angiogenic molecules is linked to the recruitment of patients with advanced malignant tumors, where vascularization is at an advanced stage. How anti-VEGF therapy has attained these results is a matter of discussion. Tumor endothelial cells frequently skip final differentiation steps, showing poor pericyte covering and VEGF dependence (28, 29) ; however, it is possible that tumor vessels under anti-VEGF therapy become ÔnormalizedÕ and deliver chemotherapy more effectively (30) . An alternative targeting of tumor vessels could be obtained with a chemopreventive setting, where anti-angiogenic molecules-without side effects-could be administered to patients with low-stage/-grade tumors, or after surgical eradication or simply to people with increased risk of developing cancer. We are testing several ÔangiopreventiveÕ drugs selected among the antioxidants: these molecules have high tolerability and their chronic use in humans often already approved or are common dietary practice.
We have shown previously that NAC and EGCG (a main constituent of green tea extract) exert a true anti-invasive activity inhibiting tumor and endothelial cell invasion by matrix metalloproteinase-2 neutralization (11,14,21,31,32 ). In addition, EGCG at high doses is also able to block the cell cycle (33) . Several of these antioxidant angioprevention agents have the common effects of blocking the NF-kB and Akt pathways (11, 14, 21, 31, 32) ; since LA has been suggested to inhibit the NF-kB pathway (9), here we tested LA for possible angioprevention activity. Our data show that LA can exert different stimulatory/inhibitory activities on tumor and endothelial cells according to the dose and persistence of administration. In particular, down-regulation of p-FAK and p-ERK1/2 is observed upon LA treatment, p-Akt is little affected, whereas phospho-P38 shows a strong up-regulation in long-term culture.
The anti-angiogenic activity of lipoic acid An ideal antioxidant should be efficiently adsorbed from diet, converted-if necessary-into a usable form, helpful to establish/restore other antioxidants and to be able to work in both lipidic and aqueous phases. In addition, it also needs to exert low toxicity. LA fulfills all these requirements (34). It is not yet clear if LA is synthesized in mammals; whereas one study found LA synthase in mouse cells (35) , in humans it is usually assumed with food (particularly red meat, liver, spinach and yeast). Our body does not need large amounts of LA coenzyme; on the contrary, a constant additional supply is needed for antioxidant or therapeutic activity. However, very little is known about the consequences of a long-term high-dose LA regimens and nothing is known about the activity of LA on most tumors.
Unlike other antioxidants, low, non-toxic doses of LA did not show any growth inhibitory effect on endothelial or tumor cells. This result is supported by the observation of the almost unaffected phosphorylation of Akt in LA-treated HUVECs, the lack of apoptosis induction and the partial protective effects LA exerts on endothelial cell survival in the presence of vincristine. In contrast to LA, angiopreventive antioxidants, such as EGCG and Xanthohumol, inhibited Akt phosphorylation and activation (14, 15) . In agreement with our data, Kowluru and Odenbach (36) have recently shown in a rat diabetic retinopathy model that LA administration inhibited capillary endothelial cell apoptosis in the retina. Further, Marsh et al. (37) observed that LA administered with vitamin E can induce bcl-2 in endothelial cells, though this effect was not evident with LA alone. In a different cell model, Byun et al. (38) showed that LA inhibits TNF-alpha-induced apoptosis in bone marrow stromal cells blocking c-jun N-terminal kinase and NF-kappaB. These data suggest that LA has a protective effect on endothelial and other cell types.
On the other hand, we observed a cytostatic effect at the higher doses of LA tested (0.5-1 mM); this effect was increased with time of incubation, and after 4 days of treatment at 1 mM, most endothelial cells were damaged, showing a cytoplasmatic auto-fluorescent granulation due to the accumulation of LA precipitates. When we tested tumor cells of different origins, the low-dose growth-promoting and high-dose inhibitory effect of LA was evident only in KS-Imm cells.
The null or promoting activity of LA on tumor cells is apparently in contrast with the results of van de Mark et al. (39) who reported a tumor-specific apoptosis-inducing activity for LA on FaDu and Jurkat tumor cell lines as well as on Ki-v-Ras-transformed Balb/c-3T3 as compared with normal cells. Our data show that diverse cell type can exhibit different levels of toleration or response to LA according to the dose and schedule of exposure, indicating that no general rule can be made.
The prevalent inhibitory effect of LA on HUVE cell migration could be linked to the reduced phosphorylation of Fak, though this pathway cannot completely clarify why long-term exposition to lowdose LA can cause a slight increase of cell motility.
The microarray-based screening suggested a selective clustering of cellular responses to low-dose LA in the oxidative stress/inflammation and growth/survival pathways. We selected a small group of genes to investigate further. KS-Imm and HUVECs showed substantial differences in the regulation of these mRNAs upon LA exposition: using an arbitrary cut-off of a ±3-fold gene modulation, in KS-Imm, PIM-2h, ephrin-B2, G-protein coupled receptor and HO-1 were not affected. Low-dose LA in KS-Imm was able to influence only IL-8 (strong up-regulation) and TrxIP (down-regulation), whereas highdose LA up-regulated TRAIL, inhibin-ba/activin-A, TrxR1 and IL-8. These findings are consistent with the lack of inhibitory activity of low-dose LA on KS-Imm in vitro, whereas high-dose LA for 4 days induces KS-Imm apoptosis and blocks the adhesive and chemotactic responses of these cells. Several published data indicate that stressrelated mediators like HO-1 and TrxR1 can act as tumor promoters, also inducing angiogenic responses (24, 25, (40) (41) (42) ; indeed, in endothelial cells themselves, this process is apparently active with complex regulations as both VEGF and TrxR1 are able to induce HO-1, which in turn can switch on several pro-angiogenic factors (23, (43) (44) (45) . Several stress stimuli are able to induce HO-1 in endothelium, among which these in vitro infection by Kaposi's sarcoma-associated herpesvirus 8 (KSHV/HHV-8) (46); this activation is apparently mediated by the HHV-8 gene product GPCR, codifying for a constitutively active chemokine-like receptor (47) . Of course, the induction of HO-1 by LA constitutes a possible bias for its translation to clinic, though, in our hands, LA fails to activate HO-1 transcription in KS cells and VEGF production is consequently unaffected. In addition, it is important to note that, although in vitro endothelial cells are permanently exposed to LA, in vivo, this drug is rapidly cleared from circulation, so the endothelial cell is exposed to it for very short periods reducing the stress activity.
Inhibin-ba/activin-A is released early in the cascade of circulatory cytokines during systemic inflammatory episodes, generally coincident with TNF-alpha (48) . Its up-regulation, along with IL-8, in a long-term high-dose LA regimen suggests a pro-inflammatory activity of LA. These data are in contrast to the inhibition of the NF-kB pathway reported previously (9) . Inhibin-ba/activin-A has been shown to inhibit both endothelial cell proliferation in vitro and angiogenesis in vivo (49), observations we confirmed by in vivo analyses, thus LA could push KS-Imm towards an anti-angiogenic phenotype.
LA mimics an oxidative signal in HUVECs even at subtoxic doses, triggering a form of cell resistance based on the down-regulation of anti-angiogenic and pro-apoptotic mediators, and the up-regulation of stress-induced proteins and phosphorylation of stress-related kinases [i.e. p38 (50) ], induced by oxidative injury. These in vitro observations are in agreement with the genomic/protein data as the inhibitory effects of LA on KS-Imm are observed only after a long-term/highdose treatment, whereas low-dose LA is already active on HUVECs after 24 h.
According to our observations, LA is able to limit KS tumor growth in vivo even without directly reducing KS cell survival/proliferation. This inhibition is probably, but not univocally, due to an anti-angiogenic mechanism as LA inhibits endothelial cell migration and induces the expression of the anti-angiogenic factor inhibin-ba/activin-A both in HUVECs and in KS-Imm. In addition, LA-induced expression of TRAIL in KS-Imm could act as an additional anti-angiogenic factor as shown by the anti-angiogenic effect of TRAIL in vivo.
At low doses, LA did not effect endothelial cell survival or growth, suggesting that it is a safe drug for a long-term treatment of cancer patients. The pro-/anti-antioxidant activities of LA, observed in our tests and in other studies (51) (52) (53) (54) , are usually linked to the different concentrations of the drug tested, suggesting the necessity of a more pointed choice of the therapeutic regimen according to pathology, possibly excluding the actual abuse of self-prescribed LA as a high-dose dietary supplement.
Taken together, our data show that LA represents a promising angiopreventive drug whose action appears to be quite different from that Fig. 12 . Anti-angiogenic effects of inhibin-ba/activin-A and TRAIL on in vivo angiogenesis. The angiogenic response caused by the injection of matrigel additioned with angiogenic growth factors was inhibited by the enrichment with both inhibin-ba/activin-A and TRAIL, the latter being more active.
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of other antioxidant angiopreventive molecules. The current application for diabetes-associated neuropathies could, in the near future, be extended to cancer and other angiogenesis-sustained pathologies. Further studies are needed to identify the plethora of possible cellular targets of this molecule, exclude those malignancies where LA could act as a tumor promoter (i.e. inducing HO-1 and/or TrxR1 transcription) and distinguish other anti-angiogenic mechanisms it might trigger, including inflammation itself.
